ABSTRACT
INTRODUCTION
Shockwave lithotripsy (SWL) is the most common treatment for kidney stones [1] . The main advantage of this procedure consists in avoiding surgery altogether by generating shockwaves extracorporeally and focusing them onto kidney stones [2] . As a result, the stones are broken into fragments small enough that they can be passed naturally by the human body.
Because of the complex physics governing the process, the stone comminution mechanism is not yet fully understood. Lithotripter pulses consist of a steep compressive front followed by a long expansion tail with a tensile component. Since kidney stones are typically immersed in urine, this tension enhances the formation and growth of bubbles near the stone. Consequently, two mechanisms bear important roles in stone comminution: spallation due to stress waves reflected within the stone [3, 4] , and cavitation erosion due to violent bubble collapse along the stone surface [S,6] . It has been proposed that the combined effect of the internal stress waves and of cavitation erosion pulverizes the stones [4] . More recently, it has been observed that the interference of shear waves generated by the passage of the pulse along the stone may play an important role [7] .
The impact of bubble dynamics on stone comminution is still unclear. After the passage of a lithotripter pulse, bubbles generally gather in clusters that grow and collapse near the stone surface, thereby generating shockwaves [8, 9] . In order to provide an estimate for cavitation damage, the collapse of a single bubble near a wall is considered. In SWL, single bubble collapse near the stone takes place on two time scales: a short one, where the collapse is induced by the passage of the pulse (shockinduced collapse'" l,us), and a long one, where the bubble grows to a large size due to cavitation induced by the tensile part of the pulse and subsequently collapses (Rayleigh collapse'" 200, us) . When a bubble collapses near a solid surface, a re-entrantjet directed towards the surface forms and penetrates the bubble [10] . The impact of the jet onto the stone leads to pitting and has been regarded as the primary cause of cavitation erosion in SWL [S,6] . Re-entrant jets also form when bubbles are impacted by shockwaves, even when far from solid surfaces [11] [12] [13] .
In the present study, a high-order accurate, quasiconservative, shock-and interface-capturing scheme [14] is used to simulate both shock-induced and Rayleigh collapse near a solid surface. A detailed presentation of the problem is provided in Section I, while the numerical model is briefly described in Section 2. Preliminary results from shock-induced and Rayleigh collapse are presented and discussed in Section 3, along with experiments on the collapse of a cavitation bubble. Finally, the findings are summarized in Section 4.
COMPUTATIONAL SET-UP
A spherical air bubble of radius, R o , in water is in equilibrium with its surroundings and located at some distance, H, from a rigid wall, which represents the kidney stone. The computational domain consists of a cylinder, along whose centerline the bubble is located; azimuthal symmetry is assumed, so that the computation is axisymmetric. A slice through the center is depicted in Figure I , where the dashed line denotes the domain. A lithotripter pulse of amplitude, P, and width, cr, starts on the right of the bubble and propagates at normal incidence to-
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wards the walL Reflecting and symmetry boundary conditions are used along the centerline and the wall, while incoming and non-reflecting boundary conditions are specified along the right and about the circumference of the domain. The wall along the left side is removed for Rayleigh collapse in a free field. Because the kidney stone is located at the the focus of a lithotripter, the waveform is approximately planar and consists of a steep compression, followed by a long expansion with a tensile part, as modelled by Church [IS] . The amplitude of the initial compression is typically P = 3S MPa, while the tension reaches -10 MPa. The width of the pulse is approximately cr = 6. 7Smm. The properties of waveform are chosen to represent those observed at the focus of the Dornier HM3 clone used for the experiments in Section 3.3. Because the present numerical model does not include cavitation, an exponential waveform, which remains positive, is used, as shown in Figure I ; thus, the pulse consists of a shock followed by an expansion that closely matches the decay of the lithotripter profile. The width at half-maximum is 0.3Smm and matches that of the Church profile. This assumption is valid for studying shock-induced collapse, since the width of the pulse is much larger than the bubble radius; the collapse time of the bubble is much smaller than the characteristic time of wave propagation, so that the tensile part ofthe pulse has not yet entered the domain. As a measure of damage, the wall pressure is recorded at the top and center of the domain, as shown in Figure l .
The non-dimensionalization is performed using the initial density, PL, and speed of sound, cr, of the water, and the initial bubble radius, Ro. For the present study, Ro = SO,um. The geometrical properties are listed in Table I . In non-dimensional units, the length and radius of the domain, are Sand 2.S for shock-induced collapse and 8 and 8 for Rayleigh collapse. Following the analysis of [16] , the water properties are YL = 6.59 andP~ = 3982atm, PL = 998kg/m3 and C[ = I 647m1s. The density of the gas is PG = 1.22kg/m 3 . 
NUMERICAL MODEL
The numerical simulation of compressible multiphase flows is notoriously challenging. Interfaces separating fluids whose density ratio is high (1000 : I) must be tracked and can undergo large non-spherical deformations. In the problem of interest, the main flow physics are governed by interactions between various types of waves and interfaces. Thus, to a first approximation, compressible multicomponent flows are considered, where the fluid components are assumed immiscible. Viscous and thermal diffusion are ignored, and surface tension and phase change effects are neglected. The Euler equations govern such flows,
where I is the identity tensor. Cylindrical coordinates with azimuthal symmetry are used for this particular geometry. The system is closed using a stiffened equation of state [17] ,
For perfect gases, y is the ratio of specific heats and P~ = 0; for water, y and P~ are determined from Hugoniot data [16] . In this formulation, interfaces can be represented by a discontinuity in the properties, y and P~. Thus, the functions,
The system of equations (I) and (3) is solved by extending the high-order accurate quasi-conservative shock-and interfacecapturing scheme developed by Johnsen and Colonius [14] to cylindrical coordinates with azimuthal symmetry. The reader is referred to [14] for more details on the numerical method. Because of difficulties in the treatment of shockwaves in compressible multiphase flows, few computational studies of bubble collapse have been undertaken. Ding and Gracewski [18] used an Arbitrary Lagrangian-Eulerian method with artificial viscosity to simulate the interaction between a bubble and a shockwave; contrary to comparable experiments [12] , jetting was not observed for shockwaves of30 MPa. Ball et aJ. [19] employed a two-dimensional Free-Lagrange method to study the response of a gas cylinder subjected to strong shockwaves in water; results captured the main features of prior experiments [20] , though the implementation of the method is rather complicated. Klaseboer et af. [21] used a Boundary-Element method (BEM) to simulate the response of a bubble to a strong top-hat pressure pulse; however, because it is based on incompressible flow, BEM does not adequately represent shockwaves.
RESULTS AND DISCUSSION

Shock-induced collapse
To understand the bubble dynamics occurring in SWL, shock-induced collapse is first considered, where a bubble is subjected to a lithotripter pulse. This problem occurs on a short time scale, as the bubble collapses due to the passage of the shock. A qualitative description of the events occurring for the case, PIP o = 357, HIRo = 2.5, is shown in Figure 2 . Slices across the computational domain through the centerline show numerical Schlieren [22] and pressure contours, with the interface outlined in black in the pressure plot. The wall is denoted by the gray area on the left side of each frame. The computational grid has 800 x 400 points. When the left-moving lithotripter pulse hits the bubble, an expansion wave is reflected because of the impedance mismatch between water and air, while a weak shockwave is transmitted into the bubble (frame I); baroclinic vorticity is generated along the interface due to the misalignment of the pressure and density gradients. The pulse is then reflected off the wall, as the bubble starts to collapse non-spherically (frames 2-4). This departure from the initially spherical shape is attributed to two factors: acceleration of the far side of the bubble towards the wall [23] and baroclinic torque [24] . When the jet hits the distal side of the Copyright © 2007 by ASME bubble (frame 5), a large water-hammer pressure is generated and propagates radially outwards (frame 6). It is then reflected off the wall back onto the bubble (frame 7). After the occurrence of the water-hammer, the bubble becomes a vortex ring [25] , which rebounds as it convects towards the wall; in the meantime, pressure waves are reflected between the bubble and the wall (frames 8).
In this specific case, the bubble does not hit the wall during the computation time.
The history of the wall pressure at the center and at the top of the wall are shown in Figure 3 . First, the lithotripter pulse hits the wall. The smaller and slightly delayed amplitude measured at the center shows that the bubble shields the wall to a certain extent, though the diffracted pressure due to the incoming shock still reaches this point eventually. The pressure doubles as the pulse reflects off the wall, as illustrated by the value of P plotted in the figure. The much larger pressure due to the bubble collapse is then observed; even at the top of the domain (located at 2.5 initial radii of the centerline), this pressure is far greater than the initial lithotripter pulse. Further pressure peaks occur due to wave reflections of the water-hammer pulse between the wall and the bubble interface; in addition, the first rebound generates a pressure of significant amplitude. The history of the bubble volume and centroid position are shown in Figure 4 . As expected, the bubble collapses to a very small size and subsequently rebounds to a size much smaller than its initial size, losing energy mostly by acoustic radiation [26] . When it reaches its minimum size, the bubble accelerates towards the wall, as the tighter vortex ring convects towards the wall.
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When the bubble expands, the size of the vortex ring grows, thus decreasing the convective speed. The computations show that two essentially simultaneous events occur when the maximum pressure is measured: the water-hammer pressure and the minimum volume of the bubble. Based on the present temporal and spatial resolutions, it is currently not possible to distinguish between the two events. As shown in Figure 5 , the jet reaches a speed of nearly 350 mis, while the distal side moves at a speed of about 400 mls. The water hammer equation, (4) can be used to compute the pressure along a solid wall of density, Ps, and speed of sound, cs, impacted by a liquid jet of speed, Vj.
In the present case, the "wall" is in fact liquid, and the relevant jet speed is the relative speed of the jet and the distal side, Vo (see Figure 12) . The pressure at the tip of the jet measured at the instant of impact is 866 MPa, while the water-hammer contribution is 778 MPa. However, a much larger pressure of 2.37 GPa is measured at a neighboring location, which is perhaps also due to the compression of the gas in the bubble.
The dynamics of the axisymmetric problem are different from those of a corresponding two-dimensional case [27] . The collapse is more rapid here, due to the geometry. As a reminder, diffusion, surface tension, and phase change effects have been neglected. Diffusion and phase change would slow down the tcL/Ro Figure 5 . History of the jet speed and the speed of the distal side for shock-induced collapse.
bubble collapse, while surface tension would attenuate the formation of the jet. Except during the final stages of collapse, these effects are expected to be secondary (i.e., Re and We are large), such that the overall behavior is still captured adequately by the present simulations. Further studies will include these effects and consider the effect of varying the pulse width, a, and the initial bubble radius. Figure 6 shows the maximum wall pressure due to the bubble collapse and pulse, and jet speed as a function of the initial stand-off distance, HI Ro.
Effect of the initial stand-off distance
The pressure at the center of the wall is large for small distances, since the water-hammer impact occurs close to the wall. At the top, the pressure is almost constant, because the pressure pulse is propagating radially outwards, so that the distance from the location of the water-hammer to the top of the domain does not vary significantly with HI Ro. For large enough HI R o , the pressure at the center tends to the value of that at the top, thus illustrating that the pressure wave becomes planar if the collapse occurs far enough from the walL Still, the pressure due to the bubble collapse is much larger than that of the pulse for the range of HI Ro considered here. This shows that even bubbles collapsing some distance away from the stone may contribute to erosion. The wall pressure increases linearly with the Mach number, but at different rates depending on the quantity measured. At the Copyright © 2007 by ASME top of the domain, the wall feels the full effect of the incoming lithotripter pulse, which is then reflected so that the wall pressure is twice that of the incoming pulse. From the normal shock relations for the stiffened equation of state, the pressure is related to the Mach number, y and P ~ as follows [16] : 
Effect of the pulse amplitude
where M = I + x and 0 < x « 1. The wall pressure due to the pulse is obtained by doubling this value. Using the parameters of Table I , P w ;:::: 1.05x, which is the solid line shown in Figure  7 . The computed data matches this line very well; a least squares fit of the data yields a line of slope, 1.09. The wall pressure due to the lithotripter pulse is smaller at the center than at the top of the domain, because the bubble "shields" the wall from the pulse. In addition, its rate of increase is also smaller. On the other hand, the wall pressure due to the bubble collapse is greater at the center than at the top of the domain, as previously discussed. The jet speeds measured here are comparable to those of Ohl and !kink [12] ; they are somewhat larger, because the maximum speed is considered and because the bubble is located near the wall. The dependence on the pulse amplitude can be useful when considering shock propagation through a cloud of bubbles near a solid surface. As the shock propagates through the cloud, it becomes attenuated, such that the bubbles nearest to the wall only feel a fraction of the original pressure ratio. Using a model for shock propagation through bubbly mixtures [28] to provide the attenuation of the pulse as a function of void fraction and position within the cloud, the potential damage generated by the bubbles at the edge of the cloud could be estimated using Figure 7. 
Rayleigh collapse
In order to better understand the implications of the reentrant jet on the bubble collapse, preliminary results on Rayleigh collapse in a free field and near a wall are presented in this section. In this problem, the bubble is initially in equilibrium with its surroundings at some ambient pressure, Po; then the pressure of the surrounding liquid is instantaneously raised to some pressure, P, thus causing the bubble to collapse [29] . The pressure ratio, P I Po, can be related to that of a shock passing over a bubble. This problem has been designed to make comparisons 290 to shock-induced collapse, so that similar parameters are chosen. In the context of SWL, bubbles grow to a very large size (at which point the initial conditions are similar to that of Rayleigh collapse) before collapsing, so that the time scale is much longer than that of the shock-induced collapse considered in the previous section. Such collapses are investigated experimentally in this effort (see Section 3.3) and will be considered numerically in a later study.
Rayleigh collapse in a free field
As a reference case, Rayleigh collapse in a free-field is first considered. In frame I, the expansion wave released due to the initial Riemann problem at the bubble interface propagates radially outwards, while a shock propagates within the bubble, though its amplitude is too small to be seen initially. The shock is visible in frame 2 as it focuses, converges to the center of the bubble in frame 3 and propagates back outwards in frame 4. During this time, the bubble is collapsing, such that the shock hits the bubble interface in frame 5; Richtmyer-Meshkov instability resulting from this phenomenon does not appear to be an important effect. The interface accelerates significantly in frame 6, where radiating acoustic waves are visible. The interface starts to go unstable just before frame 7 due to the change of sign of its acceleration, suggesting that Ray leigh-Taylor instability is the driving instability [30] ; this phenomenon has been observed in experiments [3\]. The bubble reaches its minimum volume in frame 7, generating a shock due to the high compression of the gas within the bubble [32] that propagates radially outwards (frame 8). At this stage, the interface is greatly perturbed, such that the bubble is no longer spherical. It should be recalled that surface tension, Copyright © 2007 by ASME which acts as a stabilizing force, is neglected. Figure 9 shows the history of the bubble volume for different resolutions, N, where the grid has N x N points. The dashed line denotes the numerical solution to the Gilmore equation [33] , which is a modified Rayleigh-Plesset equation that takes into account liquid compressibility. However, it is only valid to order M2, where the Mach number is defined as the speed of interface divided by the local sound speed. This approximation is not a good one for the pressure ratios considered in this study, but gives an estimate of the history of the bubble volume. Since the computation is fully compressible, the computed solution is expected to be slower than the Gilmore solution. Furthermore, the bubble does not remain spherical in the computation, and the pressure within the bubble is not uniform. Nevertheless, the computation initially agrees with the Gilmore equation, as M is still small. Figure 9 shows that the computed solution converges. However, a finer grid is required to generate quantitative results. Increasing the number of grid points decreases the effect ofthe numerical diffusion, which damps the process in a fashion similar to the physical viscosity. The code is currently being extended such that the grid can be stretched and higher resolution can be achieved; the present results should therefore be considered in a qualitative sense.
Rayleigh collapse near a wall
When a bubble collapses near a solid wall, a re-entrant jet, directed towards the surface, forms and penetrates the bubble [10] . Figure 10 shows numerical Schlieren and pressure contours for the case, H / Ra = 1.6. The problem is the same as the one considered in 291 the previous section, except that a wall (grey region) is placed along the left side of the domain. In frame 1, the initial expansion is propagating radially outwards and reflects off the wall, while a shock converges to the center (frame 2). As the bubble continues to collapse in frame 3, it flattens in the direction normal to the wall [10] . The shockwave again converges in frame 4, although this convergence is no longer spherical, due to the reflection off the now oblong bubble. The re-entrant jet is evident in frame 5 and upon hitting the distal side generates a water-hammer pressure in frame 6. This pressure wave reflects off the wall in frame 7, where the bubble now has taken the form of a vortex ring, and propagates through the bubble in frame 8. The overall behavior is similar to that of the shock-induced collapse (compare to Figure 2) . Figure 11 shows the history of the bubble volume for different initial stand-off distances. The presence of the wall retards the flow of liquid rushing to fill the void created by the collapsing bubble. As the initial stand-off distance is increased, the behavior tends to that observed during Rayleigh collapse in a free-field, i.e., the collapse is more spherical. A measure of the non-sphericity of the collapse and ofthe prominence of the jet is provided by the difference between the maximum jet speed, Vi and the speed ofthe distal side, Va, as illustrated in the cartoon of Figure 12 ; here, Vi is taken to be negative and Va is positive.
The intensity of the collapse can be evaluated by considering the quantity, Vi -va; this indicates how fast the bubble walls are moving when the bubble reaches its minimum volume. A measure of non-sphericity is provided by the relative speed, IVil-Va, which shows how much faster the jet moves than the distal side and is used to compute the water-hammer pressure in Equation 4 . These values are listed in Table 2 , where the results from shockinduced collapse are comparable to those obtained in the SWL problem previously studied, but in a free-field.
The most violent collapse occurs when the bubble remains Copyright © 2007 by ASME spherical. As the initial stand-off distance is decreased, the behavior tends to that of the shock-induced collapse. Therefore, the proximity ofthe wall appears to have two competing effects: retarding the bubble collapse and generating a re-entrant jet. It can be inferred that the presence of a wall in shock-induced collapse (as in the SWL problem) would enhance the re-entrant jet formation. Additional simulations are required to support this claim.
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Experiments
The purpose of the experiments is to observe bubbles collapsing under lithotripsy conditions as a supplement to the numerical findings. This effort comprises observations of bubbles in a free-field geometry that are initially small (;S Ipm). The bubbles are excited by a lithotripter shockwave and grow to a maximum radius of nearly Imm. Bubble growth is then followed by a Rayleigh collapse and a rebound that can be analyzed in a fashion similar to that described by [26] for laser-initiated bubbles.
The lithotripter shockwave is generated using a Domier HM3 clone that was developed at the University of Washington [34] . Bubble motions are then observed using both a highspeed camera (DRS Technologies, Oakland, NJ, USA) and two passive cavitation detectors (PCDs) that are aligned con-focally with the lithotripter [35] . The PCDs are spherically focused, broadband devices that can detect radiated pressures from individual bubble collapse events. With this setup, high-speed photographs are first reviewed to evaluate the density of the cavitation field, select a target bubble for analysis, and assess the symmetry of its collapse. The target bubble is then analyzed to estimate its maximum radius prior to collapse (R max ,l) and an approximate radius-time curve. The image analysis algorithm is calibrated to approximate the maximum bubble radius with an accuracy of about 2%. Finally, the bubble's collapse times are identified from the PCD data.
From these data, the Rayleigh collapse time is used to relate the measured collapse times to the maximum radius achieved during the bubble's rebound,
where tl is the time of the initial Rayleigh collapse and t2 is the collapse after the ensuing rebound; Po is the equilibrium liquid density, poo is the equilibrium pressure far from the bubble, and Pv is the vapor pressure at the ambient liquid temperature. Accordingly, the volumetric ratio (Rmax,2/ R max , 1)3 can be calculated for any observed bubble as a measure of energy retained in volumetric oscillation.
A typical sequence of the interaction between a bubble and a lithotripter pulse is shown in Figure 13 . In the photographs, the bubble is backlit so that the center is bright while the edges are dark. The bubble initially grows due to the tensile part of the shockwave arriving at time zero. After reaching a maximum radius of 1.05mm, the bubble undergoes a Rayleigh collapse and a subsequent rebound. The PCDs detected an acoustic emission corresponding to this collapse at 274J1S. During the rebound, a prominent jet is clearly visible despite the absence of any nearby boundaries and the visible presence of only a few small bubbles.
For test conditions with the water degassed to 10% dissolved oxygen and maintained at a temperature of 20 G C, 15 indepenCopyright © 2007 by ASME dent bubble collapses and rebounds were observed. In lO of these bubbles, a re-entrant jet was visible during the rebound. For the remaining 5 bubbles, jets may have been present even though they were not observed with the limited temporal resolution of the photographs. The bubble rebounds analyzed here retained 3--40% of the energy present before the initial Rayleigh collapse. Note that the bubble from Figure 13 represents the top end of this range. Overall, the range of rebound energies is consistent with observations reported previously [26, 36] and, given the photographs presented by [23] , the asymmetric collapses found in this work appear to correlate with wall stand-off distances, H / Ro 2: 2. Based upon this correlation of free-field bubbles with bubbles collapsing near a wall, most of the energy dissipated during collapse can be attributed to acoustic radiation, so that a more asymmetric collapse (i.e., one for which a more prominent jet forms or, in the case of collapse near a wall, for decreasing values of H / Ro) dissipates less energy in the subsequent rebounds [26] . Qualitatively, this same trend is observed here for free-field bubbles excited by a lithotripter shockwave.
Based on Figure II , model predictions for Rayleigh collapse presented in Section 3.2 do not seem to follow the trend in dissipation versus collapse symmetry discussed above. However, the bubble conditions simulated in Section 3.2 do not accurately reflect the experimental conditions. As the model is updated to enable simulation of such conditions, tracking energy dissipation as a function of collapse symmetry may provide a useful tool for model evaluation.
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CONCLUSIONS
Numerical simulation was used to study shock-induced and Rayleigh collapse of a gas bubble. In the case of the shockinduced collapse, it is found that the wall pressure due to the bubble collapse is much greater than that due to the incoming lithotripter pulse over the range of stand-off distance considered here. Bubbles collapsing at some distance from the wall are a potential cause of damage, while bubbles initially close to the wall and large bubbles generate very high pressures. In the case of Rayleigh collapse near a wall, preliminary results show that the proximity of the wall retards the flow and increases the prominence of the jet. Experiments show that re-entrant jets are generated in the free-field collapse of a cavitation bubble, similarly to collapse near a solid surface.
The present work provides a first step in quantifying the damage due to cavitation erosion in SWL. The next immediate steps consist in using a finer (stretched) grid and making explicit comparisons between the computations and the experiments, which are both items of on-going research. Further investigations include considerations of non-equilibrium effects (i.e., expanding or collapsing bubbles) and the implementation of phase change, viscosity and surface tension. A full understanding of the non-spherical dynamics of a single bubble will allow a more appropriate study of bubble clusters in SWL and other applications.
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